Introduction
A dynamic range of network activity is essential for optimal information coding in the nervous system. Normal brain function requires neurons to operate at a constant overall activity level, and to maintain a balance between the relative strength of individual synapses. It is thought that in a neuron, activity levels are kept constant by a process called homeostatic synaptic plasticity (HSP) . HSP uniformly adjusts the strengths of a large portion if not all synapses in a neuron to maintain a particular activity level. HSP may be mediated by alterations in pre-synaptic transmitter release, synaptic vesicle loading, postsynaptic receptor function, or neuronal membrane properties (Davis, 2006; Rich and Wenner, 2007; Turrigiano, 2012) . Several signaling pathways are involved in various forms of HSP in the mammalian CNS and at the Drosophila neuromuscular junction (Turrigiano, 2008; Yu and Goda, 2009 ). For example, in mammalian neurons, adjustments in the relative expression levels of CaMKIIa vs. IIb (Thiagarajan et al., 2002) and CaMKIV-regulated transcriptional events (Ibata et al., 2008) mediate homeostatic compensation for changes in neuronal firing and synaptic activity. Additionally, the level of Arc/ Arg3.1, an immediate-early gene that is rapidly induced by neuronal activity (Guzowski et al., 2005) , modulates homeostatic plasticity through a direct interaction with the endocytic pathway (Shepherd et al., 2006) . Recent findings also implicated inactivityinduced postsynaptic synthesis and release of BDNF, which acts retrogradely to enhance presynaptic functions in HSP (Jakawich et al., 2010) . At the Drosophila neuromuscular junction, homeostatic synaptic plasticity is manifested mainly by changes in presynaptic release modulated by retrograde signaling mechanisms (Davis and Bezprozvanny, 2001) , and multiple pathways have been implicated involving molecules such as dysbindin (Dickman and Davis, 2009 ), Cav2.1 (Frank et al., 2006) , the BMP ligand Gbb (Goold and Davis, 2007) , Eph receptor and ephexin (Frank et al., 2009) , and snapin (Dickman et al., 2012) . In addition to these neuronal and muscle-derived molecules, glia-derived factors, such as cytokine TNFa, have been demonstrated to control synaptic strength and to influence HSP (Beattie et al., 2002; Stellwagen and Malenka, 2006) . Although a bewildering number of different pathways may contribute to HSP, recent progress has identified fundamental events that underlie many forms of HSP in the mammalian nervous system, thereby suggesting that a limited number of basic molecular mechanisms could account for this important process.
Synaptic scaling is a form of HSP that was initially discovered in cultured cortical neurons where neuronal activity was either chronically blocked with tetrodotoxin (TTX), or elevated by inhibition of GABAergic synaptic transmission (Turrigiano et al., 1998) . The expression of synaptic scaling is thought to involve transcriptional events that alter the abundance of AMPA-type glutamate receptors in the postsynaptic membrane (Turrigiano, 2012 ). An important property of synaptic scaling is that all synapses of a neuron are modified concurrently in a multiplicative fashion (i.e. stronger synapses are changed proportionally more than weaker synapses), thereby preserving the relative synaptic weights of the overall circuit (Thiagarajan et al., 2005; Turrigiano et al., 1998 ) but see Echegoyen et al. (2007) . However, several recent studies show that a fast adaptive form of HSP can be induced when excitatory synaptic transmission is blocked in conjunction with TTX treatment (Ju et al., 2004; Sutton et al., , 2004 . Importantly, this rapid form of HSP is independent of transcription, and is mediated by the local synthesis and synaptic insertion of homomeric GluA1 receptors, allowing adjustment of synaptic strength at spatially discrete locations in a neuron (Table 1) . Although several biochemical signaling pathways can trigger dendritic protein synthesis upon increase in neuronal activity (Kelleher et al., 2004; Klann and Dever, 2004; Schuman et al., 2006) , the signaling pathways involved in this type of inactivity-induced synaptic scaling remain largely unclear.
Several years ago we identified retinoic acid (RA) as a key mediator of transcription-independent HSP . Here, we will review recent progress in our understanding of the non-canonical role of RA that emerged from this observation, leading to the identification of RA as a novel synaptic signaling molecule that mediates activity-dependent regulation of protein synthesis in neuronal dendrites. We will discuss the function of RA not only in the context of HSP, but also in other forms of synaptic plasticity, and relate the RA-dependent synaptic signaling pathway to neurological diseases. Since this type of RA signaling has only been examined in vertebrates, we will limit our discussion to the vertebrate nervous system.
Retinoid signaling in the adult nervous system
Biological sources of retinoids include preformed Vitamin A from animal-derived food, or pro-Vitamin A carotenoids (e.g. bcarotene) from plant-derived foods. The majority of preformed Vitamin A and pro-Vitamin A are converted into all-trans-retinol by a series of reactions in the intestinal lumen and mucosa. Upon absorption into enterocytes, re-esterified retinol is transported to the liver, which is the major site for retinoid storage in the body. Retinol is secreted from the liver in response to the body's needs and is transported in the blood bound to retinol binding protein (RBP). In target cells, a membrane receptor for RBP mediates cellular uptake of retinol (Kawaguchi et al., 2007) . Retinol is locally metabolized into its bioactive derivative all-trans-retinoic acid (RA), which exerts its effects in a variety of biological systems.
RA is synthesized from retinol in two oxidation reactions. First, cytosolic retinol dehydrogenase (ROLDH) or alcohol dehydrogenase (ADH) convert retinol to retinal (retinaldehyde). Second, retinal dehydrogenase (RALDH) oxidizes retinal to RA. These enzymes are expressed in the adult mammalian brain (Krezel et al., 1999; Zetterstrom et al., 1999) . Local RA synthesis in adult brain has been demonstrated using transgenic mice expressing LacZ downstream of three canonical retinoic acid response elements (RAREs) (Thompson Haskell et al., 2002) . Strikingly, in the forebrain, cerebellum and meninges, the rates of RA synthesis are comparable to, or exceed, the rates of RA synthesis in liver (Dev et al., 1993) . Taken together, these studies unequivocally establish that RA synthesis occurs in the adult brain (Dev et al., 1993; Wagner et al., 2002) . While most studies on RA actions are traditionally focused on its role as a transcriptional activator, various observations mostly in culture systems have demonstrated rapid transcriptionindependent, non-genomic RA effects that occur at the cellular periphery or at the plasma membrane (Ko et al., 2007; Masia et al., 2007; Uruno et al., 2005) . Below we will discuss our recent observations on non-genomic RA actions in brain function: surprisingly, RA exerts a critical control over synaptic strength in HSP, an effect that is rapid and independent of transcription.
During development of the nervous system, spatial RA gradients emanating from localized foci of RA synthesis contribute to brain patterning, morphogenetic effects that are due to the opposing actions of the two main classes of RA metabolic enzymes, the RAsynthesizing RALDHs and the RA-degrading CYP26 enzymes of a cytochrome P450 family (Berggren et al., 1999; Fujii et al., 1997; McCaffery and Drager, 1993; Niederreither et al., 1997; Pennimpede et al., 2010; Ross and Zolfaghari, 2011) . Similarly, in mature CNS, RA is not uniformly available but is only present in discrete regions of the brain (Bremner and McCaffery, 2008; Lane and Bailey, 2005) . In cultured hippocampal neurons, RA is not detectable when neurons are active . RA synthesis is strongly induced by loss of synaptic activity and a decrease in dendritic calcium levels (Wang et al., 2011) , supporting its role as an important signaling molecule that modulates neuronal function in an active manner.
The action of RA is primarily mediated by nuclear retinoid receptor proteins called retinoic acid receptors (RAR-a, -b, -g) and retinoid 'X' receptors (RXR-a, -b, -g). Like other members of the steroid receptor family, RARs and RXRs are transcription factors. Although structurally similar, the ligand specificity differs between them in that RARs bind all-trans-RA and 9-cis-RA with high affinity, whereas RXRs bind exclusively 9-cis-RA (Soprano et al., 2004) . Because 9-cis-RA is undetectable in vivo, the effects of retinoids on gene transcription are presumed to be mediated by RA binding to RARs. In the adult mammalian brain, RARa is abundant in the cortex and hippocampus, RARb is highly expressed in the basal ganglia, and RARg is not detectable (Krezel et al., 1999; Zetterstrom et al., 1999) . Although RARs are concentrated in cell nuclei, they (Maruvada et al., 2003) . RARa has also been shown to be both cytoplasmic and nuclear in mature hippocampal neurons . Moreover, a recent study (Huang et al., 2008) reported that the subcellular localization of RARa exhibited a developmental shift from the nucleus to the cytosol. The expression levels of total RARa in postnatal hippocampus gradually decrease over time with increasing developmental maturity of the neurons. After postnatal day 29, equal or greater amounts of RARa were detected in the cytosol compared to the nucleus in both pyramidal and granule cells, consistent with the intriguing possibility that RARa may assume a function in the cytoplasm of mature neurons that differs from its function as a transcription factor. In the developing nervous system, RA signaling is involved in neurogenesis and neuronal differentiation, and operates exclusively by regulating gene transcription. However, the evidence reviewed above, especially the continuing high levels of RA synthesis, indicates that RA signaling may also play an important role in the mature brain (Lane and Bailey, 2005) . RA signaling has been implicated in activity-dependent long-lasting changes of synaptic efficacy that are thought to be the cellular mechanism underlying learning and memory. For example, impaired longterm potentiation (LTP) and long-term depression (LTD) have been demonstrated in mice lacking RARb or both RARb and RARg (Chiang et al., 1998) . The function of RARa in hippocampal plasticity remains unknown because targeted disruption of RARa results in early postnatal lethality (Lufkin et al., 1993) . Additionally, both LTP and LTD are reduced in Vitamin A deficient mice, but the impaired plasticity can be reversed after administration of a Vitamin A supplemented diet, indicating that synaptic plasticity is modulated by retinoids in adult brain (Misner et al., 2001) . The involvement of RA in adult brain function is further supported by deficits in learning and memory tasks observed in RAR null or Vitamin A-deficient mice (Chiang et al., 1998; Cocco et al., 2002) .
3. Synaptic RA signaling 3.1. RA as a potent regulator of dendritic protein synthesis and synaptic strength
The discovery of the role of RA in HSP was fortuitous. We were intrigued by the potential involvement of RA signaling in Hebbian plasticity and hippocampal dependent learning, and investigated the direct effect of RA on excitatory synaptic transmission in hippocampal neurons. We found that acute RA application rapidly increased the amplitude of miniature excitatory postsynaptic currents (mEPSCs). The observed enhancement of mEPSC amplitude by RA was multiplicative in nature, reminiscent of synaptic scaling . Additional experiments showed that the synaptic effect of RA was independent of the formation of new dendritic spines (Chen and Napoli, 2008) , but instead operated by stimulating the synthesis and insertion of new postsynaptic GluA1-containing glutamate receptors into existing synapses . Different from the known function of RA as a transcription factor, the effects of RA on synaptic transmission and surface GluA1 expression could not be blocked by transcription inhibitors, but were abolished by protein synthesis inhibitors. Moreover, RA directly stimulated GluA1 protein synthesis in synaptoneurosomes, a biochemical preparation that lacks nuclear components and therefore operates in a transcription-independent manner Poon and Chen, 2008) .
The nature of RA-gated protein translation in neurons was further characterized by immunogold electron microscopy (Maghsoodi et al., 2008) . Local protein synthesis in dendrites requires mRNAs and the translation machinery, both of which are trafficked to dendrites through assembly of an electron-dense structure termed RNA granules, which are large RNA-protein complexes that serve not only as mRNA trafficking units but also as storage compartments for mRNAs and translation machinery (Anderson and Kedersha, 2006; Krichevsky and Kosik, 2001) . Consistent with the rapid GluA1 synthesis induced by RA in synaptoneurosomes, brief RA treatments drastically increased the GluA1 labeling in dendritic RNA granules, a process that was blocked by inhibitors of protein synthesis, but not transcription (Maghsoodi et al., 2008) (Fig. 1A and B) . Thus, a novel non-genomic function underlies RA's action at the synapse.
The multiplicative increase in mEPSC amplitude and the activation of local protein synthesis by RA led us to explore its potential involvement in HSP. Indeed, we established that RA is both necessary and sufficient for HSP induced by blocking synaptic activity (i.e. TTX þ APV treatment, note that TTX blocks voltagegated sodium channels and APV blocks NMDA-type glutamate receptors), but not for HSP induced by chronic blockage of action potentials with TTX alone (Wang et al., 2011) . Inhibition of RA synthesis prevented upregulation of synaptic strength induced by activity blockade. HSP induced by activity blockade occludes further increase in synaptic strength by RA, placing RA into the signaling pathway downstream of synaptic activity blockade.
RA as a synaptic activity sensor: a key component of the feedback loop linking alterations in synaptic activity to HSP
The requirement of RA synthesis in HSP and the ability of RA to increase synaptic strength imply that RA is a critical link between synaptic activity levels and synaptic strength. Indeed, we found using an RA reporter system that RA synthesis was dramatically stimulated by activity blockade with TTX and APV ). However, a major source of confusion in understanding HSP is that many different experimental manipulations seem to lead to HSP Ju et al., 2004; Soden and Chen, 2010; Thiagarajan et al., 2005; Turrigiano, 2008) . Thus, it was unclear whether RA mediates many forms of HSP, or whether RA is a peculiarity for a single form of HSP that is just an exotic exception. By analyzing different well-established HSP induction protocols, we found that stimulation of RA synthesis is required for all forms of HSP that are rapidly induced by blocking postsynaptic activity (e.g. treatments with TTX þ APV, CNQX, or TTX þ CNQX), whereas RA synthesis is not required for HSP induced by prolonged blockade of action potential firing alone (i.e. TTX-alone), which takes longer to develop (Wang et al., 2011) . This led us to speculate that at least two signaling pathways mediate HSP and operate in parallel with different time courses: an RA-and local protein synthesis-dependent rapid pathway and an RA-and local protein synthesis-independent slow pathway that requires transcription of new mRNAs, as was illustrated initially by ( Table 1 and Fig. 2) .
We found that when synaptic activity and neuronal firing are both blocked (i.e. by treatment of neurons with TTX þ APV), the immediate engagement of early RA-dependent cellular events is triggered by the resulting drop in dendritic calcium concentrations, which stimulates RA synthesis. RA thus leads to a rapid increase in excitatory synaptic strength produced by synaptic insertion of locally translated AMPA receptors that contain GluA1, lack GluA2, and are calcium-permeable (Fig. 2) . The slow RAindependent pathway of HSP, conversely, is triggered by reduced neuronal firing, a drop in somatic calcium influx, reduced activation of CaMKIV, and an increase in transcription (Fig. 2) ; this pathway involves synaptic insertion of GluA2-containing AMPA receptors (Ibata et al., 2008) . The fact that TTX-treatment alone can induce HSP, albeit with a delay, shows that the fast and slow pathways of HSP are mechanistically distinct and are independent of each other. Interestingly, the GluA2-lacking AMPA receptors that are inserted during the rapid pathway of HSP are transient, and are slowly replaced by GluA2-containing AMPA receptors (Sutton and Schuman, 2006, and our unpublished observation). This observation suggest that the calcium-permeable AMPA receptors lacking GluA2 inserted by the rapid HSP pathway inactivate this pathway in a negative feedback loop while the slow pathway of HSP is beginning to operate. Two molecular mechanisms have been proposed by which a drop in calcium concentration could induce the rapid HSP pathway. First, we demonstrated that dendritic calcium serves as a critical inhibitor of RA synthesis in neurons, such that any decrease in dendritic calcium activates RA synthesis (Wang et al., 2011) . For example, when cellular calcium is buffered by BAPTA or EGTA, RA synthesis is turned on rapidly. Additionally, blockade of L-type calcium channels is as efficient as synaptic activity blockers in inducing RA synthesis and HSP in a cell-autonomous manner, strongly suggesting a negative coupling between dendritic calcium levels and RA synthesis (Wang et al., 2011) . The RA-induced synthesis and insertion of calcium-permeable AMPA receptors thus serves as a negative feedback signal to halt RA synthesis, thereby stabilizing synaptic strength. The downstream calciumdependent signaling cascade that regulates RA synthesis remains to be determined in future work.
A second mechanism that may operate in parallel with the RAdependent pathway to mediate the rapid HSP focuses on eukaryotic elongation factor-2 (eEF2). Sutton et al. (2007) showed elegantly that miniature synaptic transmission strongly promotes eEF2 phosphorylation, thereby inactivating it. Thus, blocking synaptic activity leads to rapid dephosphorylation and activation of eEF2 in a spatially controlled fashion, allowing local protein synthesis to occur. Because phosphorylation of eEF2 is catalyzed by a calcium/ CaM-dependent protein kinase (Nairn et al., 1987) , calcium entry through newly inserted calcium-permeable AMPA receptors serves as a negative feedback signal to slow down local protein synthesis, enabling the transition to the late phase HSP.
Dendritic RARa mediates synaptic RA signaling e the double life of a versatile molecule
How does RA increase synaptic strength? As mentioned above, the transcriptional effects of RA are primarily mediated by RARs. Among the three isoforms of RARs, RARa is most abundantly expressed in the hippocampus, while RARb is mostly found in the basal ganglia, and RARg is not detectable in adult brain (Krezel et al., 1999; Zetterstrom et al., 1999) . Targeted constitutive gene deletions provided evidence for a limited role of RARb and RARg in the adult brain, but the function of RARa in the adult brain remained unexplored due to early postnatal lethality of constitutive RARa knockout mice (Lufkin et al., 1993) . To avoid confounding factors in constitutive RARa knockout mice, such as abnormal neuronal development and perinatal lethality (LaMantia, 1999; Lufkin et al., 1993; Mark et al., 1999) , we studied the involvement of RARa in synaptic RA signaling using shRNA-dependent knockdowns and conditional knockout mice (Sarti et al., 2012) . Both acute knockdown and conditional knockout of RARa prevented RAdependent HSP, and blocked the RA-mediated increase in synaptic strength Sarti et al., 2012) . Moreover, we observed that RARa is transiently concentrated in actively translating dendritic RNA granules of neurons (Maghsoodi et al., 2008) (Fig. 1C and D) , suggesting an unanticipated involvement of RARa in local protein synthesis. Indeed, RARa in mature neurons acts as an mRNA-binding protein whose dendritic localization is evident in postnatal neurons Huang et al., 2008) and is dictated by a nuclear export signal (NES) .
Similar to other nuclear receptors, RARa consists of an Nterminal activation domain, a DNA-binding domain (DBD), a hinge region, a ligand binding domain (LBD) and a C-terminal F domain whose function was largely unknown (Evans, 1988; Green and Chambon, 1988; Tasset et al., 1990; Tora et al., 1988a Tora et al., , 1988b . Upon RA binding, RARa undergoes a conformational change which results in the release of corepressors, the recruitment of coactivators, and the stimulation of gene transcription. RARa contains a classical NES in the LBD, and mutation of the RARa NES leads to an accumulation of RARa in the nucleus . The Cterminal F domain of RARa acts as an RNA binding domain that interacts with mRNAs in a sequence-specific manner, and RARa binding inhibits translation of these target mRNAs . This inhibition is released by RA binding to RARa, thus derepressing translation and accounting for the activation of GluA1 synthesis by RA.
The function of RARa in mRNA binding and translational regulation was further validated in the context of HSP. Acutely deleting RARa in neurons from RARa conditional KO mice eliminates RA's effect on excitatory synaptic transmission, and simultaneously Fig. 2 . Global and local mechanisms for homeostatic synaptic plasticity. Global HSP is triggered by a reduction in neuronal firing that leads to a drop in somatic calcium level. This decreases the amount of activated CaMKIV in the nucleus, which leads to increased transcription of "scaling factors", and enhanced accumulation of heteromeric AMPA receptors globally at all excitatory synapses. The increased excitatory synaptic strength thus restores neuronal firing rate back to normal. Local HSP is triggered by a drop in dendritic calcium levels due to reduced excitatory synaptic transmission in a subset of synapses. Reduced calcium levels in dendrites dis-inhibit RA synthesis. RA enhances local protein synthesis and synaptic insertion of homomeric AMPA receptors locally in dendrites (depicted by the orange circle), thus restores dendritic calcium levels back to normal.
inhibits activity blockade-induced HSP (Sarti et al., 2012) . By expressing various RARa rescue constructs in RARa knockout neurons, it was concluded that the DNA-binding domain of RARa is dispensable for regulating synaptic strength, further supporting the notion that RA and RARa act in a non-transcriptional manner in this context (Sarti et al., 2012) . By contrast, the ligand-binding domain (LBD) and the mRNA-binding domain (F-domain) of RARa are both necessary e and are together sufficient e for the function of RARa in HSP. Furthermore, the LBD/F domains are sufficient to support the rapid pathway of HSP that leads to insertion of calciumpermeable AMPA receptors. Thus, unequivocal genetic approaches confirmed that RA and RARa perform essential non-transcriptional functions in regulating synaptic strength.
Based on these data, we propose a model that describes the synaptic action of RA in the context of HSP (Fig. 3) . At basal activity levels when both action-potential driven and spontaneous miniature synaptic events are present, postsynaptic calcium levels are kept at a sufficiently high level to suppress RA synthesis. Unliganded RARa binds to target mRNAs and represses their translation (Fig. 3A) . When the postsynaptic calcium concentration drops below a critical level due to synaptic activity blockade, the inhibition of RA synthesis is removed. Newly synthesized RA then binds to RARa, allowing it to release target mRNAs, thereby de-repressing local protein synthesis. Among the many mRNA substrates of RARa, GluA1 mRNA and its translation play a direct role in enhancing postsynaptic AMPA receptor abundance and HSP expression (Fig. 3B) .
RA and other types of synaptic plasticity
Although the synaptic action of RA has been tightly linked to HSP, this finding does not mean that the impact of RA on synapses is limited to HSP. In addition to evidence showing that vitamin A deficiency leads to impaired hippocampal Hebbian plasticity and learning, a recent study using a dominant negative form of RARa expressed in the adult forebrain demonstrated impairments in AMPA receptor-mediated synaptic transmission, hippocampal LTP, hippocampal-dependent social recognition, and spatial memory (Nomoto et al., 2012) . These findings suggest that the functional impact of RA may go beyond HSP.
The history of a neuron's activity determines its current biochemical state and its ability to undergo synaptic plasticity, a phenomenon referred to as meta-plasticity (Abraham and Bear, 1996) . A number of factors have been proposed to contribute to meta-plasticity through influencing the state of the neuron/ synapse. For example, the postsynaptic NMDA receptor composition (GluN2A-vs. GluN2B-containing (Yashiro and Philpot, 2008) ), the phosphorylation state of AMPA receptors (Lee et al., 2000) , the ratio of CaMKIIa to CaMKIIb (Thiagarajan et al., 2007) , presynaptic endocannabinoid receptors (Chevaleyre and Castillo, 2004) , as well as signaling by various neuromodulators (Huang et al., 2012; Lee et al., 2010; Scheiderer et al., 2004; Seol et al., 2007) have all been shown to act as mechanisms for meta-plasticity. Aside from its ability to rapidly enhance excitatory synaptic transmission , RA also alters inhibitory synaptic transmission (unpublished observation). Therefore, RA likely is a candidate 'metaplasticity molecule' that may change the state of a neuron (e.g. its excitatory/inhibitory balance) and thus influence Hebbian plasticity, through a mechanism potentially distinct from that mentioned above. Thus, although the primary functional significance of HSP has always been thought to maintain neural network stability by dynamically regulating neuronal excitability, the biochemical events involved in the homeostatic adjustment of synaptic activity may well directly influence the ability of the neuron to undergo Hebbian-type plasticity.
HSP was initially thought to operate at a global level (e.g. changes occur to all synapses of a neuron, Fig. 2A ) (Turrigiano, 2008) . A number of recent studies provided evidence for additional "local" processes that can act on individual synapses or a small subset of synapses (Branco et al., 2008; Hou et al., 2008; Ju et al., 2004; Yu and Goda, 2009) . In this sense, 'local HSP' would define HSP as a process that does not Fig. 3 . A model for RA-mediated regulation of synaptic strength. (A) Normal excitatory synaptic transmission maintains dendritic calcium levels above a critical threshold, which, through an unknown mechanism, inhibits RA synthesis. (B) During synaptic inactivity (①), reduced dendritic calcium levels enable RA synthesis (②). Binding of RA to RARa derepresses mRNA translation and allows dendritic protein synthesis to occur locally (③). Newly synthesized calcium-permeable homomeric AMPA receptors are inserted into local synapses (④), leads to increased excitatory synaptic strength. maintain a constant activity level in an entire neuron, but in a neuronal subcompartment, such as a dendritic segment. Many properties of synaptic RA make it an attractive molecule for mediating both global (not input-specific) and local (input-specific) HSP. The RA synthesis enzyme RALDH is expressed throughout the soma and dendrites of neurons . It has been shown that RA is synthesized within a neuron experiencing reduced synaptic activity, and that the RA synthesis machinery is sensitive to changes in synaptic/dendritic calcium influx but not somatic calcium influx (Wang et al., 2011) . Together, these observations suggest that RA synthesis can occur in a subset of synapses or in discrete regions of dendrites experiencing decreased synaptic activity. A fascinating property of RA is that it is a small lipophilic molecule that can potentially freely diffuse inside a neuron and through cell membranes, although such diffusion may be restricted by the presence of cellular RA-binding proteins and by regional expression of one of the RA degradation CYP26 enzymes (Ray et al., 1997) . This means that RA's action may be both autocrine and paracrine, i.e. local in the vicinity of the synapses experiencing reduced synaptic activity and calcium influx, but at the same time its action may extend beyond those synapses. One intriguing observation is that decreased excitatory synaptic activity during blockade of AMPA receptors not only induces HSP at excitatory synapses, but also decreases the strength of inhibitory synapses (unpublished results). The changes at excitatory and inhibitory synapses both require RA synthesis. This is one example that RA's action is likely not restricted to synapses next to which RA synthesis is triggered, but can act as a communicator between excitatory and inhibitory synapses (or other neighboring excitatory synapses) (Fig. 2B) . Additionally, we and others observed changes in presynaptic function (manifested as an increase in mEPSC frequency) when synaptic scaling was induced in more mature neurons (Thiagarajan et al., 2005; Jakawich et al., 2010; Wang et al., 2011) . These changes may be dependent on postsynaptic BDNF as a secreted signal (Jakawich et al., 2010) , but also require RA synthesis (Wang et al., 2011) . It is possible that RA stimulates de novo synthesis of trans-synaptic signaling molecules such as BDNF, which then communicates the initially cell-autonomous postsynaptic action of RA to presynaptic partners that send their inputs to the RA-synthesizing neuron. When multiple excitatory synapses on the same dendritic segment experience reduced activity, RA synthesized at these locations could even act synergistically to influence all synapses on this segment, switching RA's action from a more local to a more global mode. Thus, depending on the location and scale of RA synthesis, RA can potentially alter the strength of a single synapse, a subset of neighboring synapses, or all of the synapses in a dendritic segment. A number of recent studies in the hippocampus and cortex show that neighboring synaptic inputs on the same dendrites tend to have synchronized activity (Kleindienst et al., 2011; Takahashi et al., 2012) , and that behaviorally induced synaptic plasticity and spine dynamics exhibit highly structured spatial patterns (Fu et al., 2012; Lai et al., 2012; Makino and Malinow, 2011) . Although much more work is required, it will be fascinating to investigate whether RA and possibly other small molecules play an instructive role in sculpting the strength of synaptic inputs that is critical for encoding, processing and storing stimulus-specific information.
5. Involvement of synaptic RA signaling in mental retardation and autism-spectrum disorders (ASDs)
In the past decade, there has been an explosion of reports identifying genes related to synaptogenesis and synaptic function whose mutation, deletion or duplication was implicated in various forms of neuropsychiatric disorders (State and Levitt, 2011; Zoghbi and Bear, 2012) . Among these genes, Fmr1, which encodes the protein FMRP, stands out because of the relatively high prevalence of its associated disorder. In human patients, impaired expression of Fmr1, most frequently due to expansion of CGG repeats in the Fmr1 gene and subsequent hypermethylation, causes Fragile-X syndrome (FXS), the most common inherited form of mental retardation that is also associated in some cases with symptoms characteristic of autism spectrum disorders (ASDs). FMRP knockout mice exhibit normal baseline synaptic transmission, but display impairments in certain forms of LTP (Larson et al., 2005; Li et al., 2002) , and enhancements in mGluR-dependent LTD (Huber et al., 2002) . Like RARa, FMRP is a dendritically localized RNA-binding protein that is believed to specifically bind to mRNAs and to regulate their translation (Bassell and Warren, 2008; Laggerbauer et al., 2001; Li et al., 2001) . Dysregulated translation and elevated basal protein synthesis are found in Fmr1 knockout neurons (Dolen et al., 2007; Muddashetty et al., 2007) . However, whether FMRP is involved in translational regulation during homeostatic plasticity is unknown.
A potential involvement of FMRP in RA-mediated translational regulation was first proposed based on our observation that dendritic RNA granules capable of actively translating GluA1 protein upon RA stimulation are also enriched in FMRP (Fig. 1A and  B) . Indeed, in Fmr1 knockout mice RA-dependent HSP was found to be completely absent whereas the RA-independent late phase of HSP was intact (Soden and Chen, 2010) . Since inactivity-dependent RA synthesis still occurs normally in Fmr1 knockout neurons, cellular events downstream of RA were examined. Consistent with FMRP's role in regulating protein synthesis, RA-induced translational upregulation of various target mRNAs was abolished in the absence of FMRP (Soden and Chen, 2010) .
How do FMRP and RA/RARa work together to regulate RAmediated translation during homeostatic plasticity? One possibility is that in the absence of FMRP, inhibition of protein synthesis of FMRP-bound mRNAs is removed. Elevated levels of basal mRNA translation may produce a "ceiling effect" that prevents further increases in protein synthesis by RA. However, reintroduction into Fmr1 knockout neurons of a mutant form of FMRP (I304N) that suppresses basal AMPA receptor translation failed to restore RAdependent HSP, suggesting that simply reducing AMPA receptor protein levels through FMRP binding to mRNA is not sufficient to rescue plasticity. Understanding other cellular processes altered in the Fmr1 knockout mouse may shed light on the specific involvement of FMRP in RA signaling. For example, in addition to removal of translational inhibition through the uncoupling of mRNA from FMRP, the activities of MAPK/Erk1/2 and PI3K/AKT/mTOR pathways in Fmr1 knockout mice are elevated (Bhakar et al., 2012; Osterweil et al., 2010; Ronesi et al., 2012; Sharma et al., 2010) . Coincidently, RA has been reported to activate MAPK/Erk as well as PI3K signaling pathways in various cell lines (Ko et al., 2007; Masia et al., 2007; Uruno et al., 2005) , making these pathways likely candidate for linking FMRP and RA functions. Although no direct binding of FMRP to RARa was observed (Soden and Chen, 2010) , it is possible that they interact by binding to the same RNA molecules. Deciphering the functional interplay between FMRP and RARa will be a critical step toward understanding the molecular basis of FMRP-mediated translational regulation and the Fmr1 knockout phenotype.
The blockage of HSP in Fmr1 knockout mice and the requirement for FMRP in synaptic RA signaling raise the intriguing possibility that impaired HSP may underlie some symptoms associated with intellectual disability and cognitive dysfunction. Hebbian-type synaptic plasticity is considered the cellular mechanism for learning and memory. Fmr1 knockout mice, as an animal model for Fragile-X mental retardation, have been studied extensively for defects in neuronal function and learning and memory. Indeed, impaired Hebbian-type synaptic plasticity in Fmr1 knockout mice (Huber et al., 2002; Larson et al., 2005 ) may contribute to their learning deficits (Koekkoek et al., 2005; Mineur et al., 2002; Yan et al., 2004) . The newly discovered link between FMRP, HSP and RA-mediated translational regulation of synaptic proteins suggest that FMRP and its regulation of protein synthesis participate in multiple forms of activity-dependent synaptic plasticity, though seemingly through distinct mechanisms. These findings provide a new perspective on the phenotype in Fmr1 knockout mice and on the symptoms of human Fragile-X patients. It may explain, for example, the global alterations of neural activity that have been observed in Fmr1 knockout mice and FXS patients (Berry-Kravis, 2002; Yan et al., 2004) . Moreover, as we discussed above, although HSP may not participate directly in the cellular processes for memory encoding (e.g. input-specific neural circuitry modification), its contribution to network stability and its influence to neuronal coding capacity through meta-plasticity nonetheless could significantly alter the cognitive function of an organism. Understanding the interplay between these different processes will provide significant further insight into the circuitry underpinning of memory formation as well as synaptic dysfunction in neurological diseases.
Summary and future directions
Until recently, RA was primarily known as a regulator of nuclear transcription in development. The newly discovered nontranscriptional function of RA in mature neurons represents a fundamental shift in our understanding of the mechanisms underlying RA's role in the adult brain, and allows us to explore the biological significance of this important molecule under a different light. The established role of RA in HSP through synaptic activitydependent modulation of local protein synthesis in neuronal dendrites indicates that RA participates actively in cellular processes beyond development, and may potentially influence the cognitive functions of an organism throughout life.
The mere fact that a nuclear signaling molecule and its receptor are also dendritic regulators of synaptic strength is amazing, although it accounts for previous observations that RA synthesis and receptor expression persist far beyond development into adulthood. Future work is needed to understand how the RAdependent control of synaptic strength relates to the overall properties of neural circuits and to the behavior of a whole animal, as well as how RARa controls synaptic strength as a function of RA and whether this control is important for overall nervous system function. The discovery that RA is more than a developmental morphogen, but also a diffusible mediator of synaptic signaling opens up new avenues to our understanding of synaptic communication in the brain, and fits well into the emerging concept that developmental signaling mechanisms are reused in adult organisms in multifarious ways for a variety of functions.
